Krüppel-like factor 8 (KLF8) is a pivotal transcription factor expressed in the human placenta that can regulate cell invasion. The objective of this study was to assess whether a hypoxia-reoxygenation (H/R) environment affects placental KLF8 expression levels and subcellular localization and to evaluate the relationship between KLF8 levels and trophoblast invasion activity. Human first trimester villous tissues from normal pregnancies and third trimester placentas from pregnancies with or without preeclampsia (PE) were used for the detection of KLF8 expression and correlating its levels with metalloproteinase 9 (MMP-9) expression. In addition, HTR8/SVneo cells were used to mimic the effects of an H/R environment on placentas to study KLF8 expression and trophoblast invasion. The KLF8 levels, MMP-9 levels, and trophoblast invasion were similarly altered; the levels peaked at 8 to 10 weeks of gestation and declined thereafter along with oxygen tension increased from hypoxia to normoxia during early pregnancy, decreased in third trimester placentas from PE pregnancies featured by repeated H/R and HTR8/SVneo cells exposed to H/R compared with the control. Moreover, a visible reduction in KLF8 immunoreactivity was present in the nuclei of cytotrophoblast cells in human villous tissues at 11 weeks, and partial cytoplasmic accumulation of KLF8 was observed in HTR8/SVneo cells treated with H/R. In conclusion, these findings strongly suggest that H/R reduces the expression and nuclear localization of KLF8 to inhibit the trophoblast invasion by downregulating MMP-9 levels. The KLF8 may play a vital role in the pathogenesis of PE as a novel oxygen tension sensor.
Introduction
Normal pregnancy involves extravillous trophoblast (EVT) cells that invade the decidual stroma and superficial myometrium 1 and the subsequent transformation of the small muscular arteries into distended diameter conduit vessels with low resistance. 2 Prior to 10 weeks of gestation, the EVTs invade the decidua and occlude the uterine spiral arteries, leading to low oxygen tension (*20 mm Hg) in the placenta. 3, 4 This hypoxic environment is believed to facilitate trophoblast invasion, which peaks at 8 to 10 weeks during the first trimester. [5] [6] [7] Between 10 and 12 weeks, intervillous blood flow increases, and the trophoblast is exposed to sharply increased oxygen tension levels (>50 mm Hg at 12 weeks). 3 This increase in oxygen tension is associated with decreased trophoblast invasion and increased reactive oxygen species (ROS) within the placenta. 8 Inadequate alteration of oxygen tension is associated with shallow invasion and predisposing the pregnancy to preeclampsia (PE), 2 the major cause of maternal and perinatal mortality and morbidity. 9 The precise cause of PE is debatable, but oxygen disruption and abnormal trophoblast invasion seem to be the key factors contributing to PE. 10 Intermittent placental perfusion, secondary to failed trophoblast invasion-mediated remodeling of spiral arteries, creates hypoxia-reoxygenation (H/R) injury. Increasing evidence suggests that H/R within the placenta leads to ROS production, 8, 11 and H/R-induced ROS such as hydrogen peroxide could cause apoptosis and control cellular invasion in several cells. 8, 12, 13 When the generation of ROS exceeds the ability of antioxidant defenses, oxidative stress results. 11 Excessive oxidative stress in late gestation induces insufficient cytotrophoblast invasion, and insufficient cytotrophoblast invasion further increases the oxidative stress, leading to the occurrence of PE. However, the molecular mechanisms underlying the role of oxygen tension in trophoblast invasion remain largely unknown.
Krüppel-like factor 8 (KLF8) is a dual transcription factor having a pivotal role in regulating cell cycle progression, [14] [15] [16] [17] [18] [19] [20] [21] transformation, 22 epithelial-to-mesenchymal transition, and invasion. 21, [23] [24] [25] These functions can be ascribed to the 3 central structural features in KLF8: (1) the N-terminal activation domain acts as either an activator or a repressor of transcription; (2) the C-terminal region contains 3 highly conserved C 2 H 2 zinc fingers (ZFs) that bind the CACCC or GT-box region of target gene promoters; and (3) the nuclear localization signal (NLS) region was originally based on the presence of an enriched stretch of basic amino acids (aas). 26 The KLF8 has been found to be overexpressed in many human tumors, such as ovarian, breast, and gastric cancers. 16, 21, 22 Its expression is promoted by the activation of focal adhesion kinase (FAK), PI3K/Akt, and Wnt/b-catenin signaling. 14, 16, 20, 27 The KLF8 is also regulated by posttranslational sumoylation 15 and localization. 17, 26 The KLF8 has been found to repress the transcription of E-cadherin and active matrix metalloproteinase 9 (MMP-9), both of which are critical for the initiation and progression of tumor invasion. 24, 25 As a ubiquitous invasionrelated gelatinase protein, MMP-9 is decreased in trophoblasts of pregnancies with preeclampsia. 28 Recent studies showed that KLF8 messenger RNA (mRNA) is most abundant in human placenta and increased from days 17 to 22 in bovine conceptuses. 29, 30 As the invasion of human EVTs shares features with extensively studied processes in tumor cells, KLF8 expression in the placenta may be associated with the degree of trophoblast invasion via regulation of MMP-9 expression.
Postulating a pivotal role of KLF8 as an oxygen tension sensor in the regulation of MMP-9 expression, trophoblast invasion, and pathogenesis of PE, we have examined the villous tissues from normal, human, 6 to 11 weeks pregnancies and compared women with and without PE during the third trimester. We measured the expression of KLF8 and correlated the levels with MMP-9 expression. We also used the human first trimester EVT cell line HTR8/SVneo and exposed these cells to H/R to confirm the role of KLF8 in H/R-regulated trophoblast invasion in vitro.
Materials and Methods

Patients and Tissue Collection
A total of 22 early pregnancy human villous tissues were obtained from elective terminations of apparently normal pregnancies at the following stages: 6 weeks (n ¼ 3), 7 weeks (n ¼ 4), 8 weeks (n ¼ 4), 9 weeks (n ¼ 4), 10 weeks (n ¼ 4), and 11 weeks (n ¼ 3). According to the standard criteria set by the American College of Obstetrics and Gynecology practice bulletin, 31 patients with PE had hypertension, which was defined as elevated blood pressure (systolic and diastolic blood pressure !140 and/or !90 mm Hg, respectively, after 20 weeks of gestation in previously normotensive women) and proteinuria (0.3 g or more of protein in a 24-hour urine collection, which usually corresponds to 1þ or greater on a urine dipstick test). Third trimester human placentas were collected from isolated patients with preeclampsia (n ¼ 22) and women with uncomplicated pregnancies as controls (n ¼ 20). All the patients were scheduled to have a cesarean section performed due to medical indications such as fetal compromise; control patients were undergoing cesarean section for reasons irrelevant to the aims of this study, such as breech presentation or maternal request before the onset of labor. Gestational age was determined by the date of the last menstrual period and ultrasound measurement of the crown-rump length.
Shortly after collection, all tissues were snap frozen in liquid nitrogen and stored at À80 C until required (for protein and RNA extraction), fixed in formaldehyde, and embedded with paraffin at room temperature (for immunohistochemistry [IHC] ). The tissue samples were obtained from pregnant women in the Department of Obstetrics and Gynecology of the First Affiliated Hospital to the Chongqing Medical University, China. The study was approved by the Ethical Committee of Human Experimentation in Chongqing, and informed consent was obtained from all the participants.
Quantitative Real-Time Reverse-Transcriptase PCR
Total RNA was extracted from 100 mg of placental tissue lysed in TRIzol reagent (Invitrogen, Carlsbad, California) according to the manufacturer's instructions. Reverse transcription was performed using the Primescript RT reagent kit (Takara Biotechnology, Japan). Quantitative real-time reversetranscriptase polymerase chain reactions (qRT-PCRs) were performed on a C1000 Thermal Cycler (Bio-Rad, Hercules, California). The sequences of primers were as follows: KLF8 forward primer, 5 0 -CTACTGTTCTGACCCCAGGCTCT-3 0 and reverse primer, 5 0 -GTCTTCAGGCCACCCATCTTAT-3 0 and b-actin forward primer, 5 0 -ACCCCGTGCTGCTGACCGAG-3 0 and reverse primer, 5 0 -TCCCGGCCAGCCAGGTCCA-3 0 . The PCR conditions comprised an initial preincubation step for 5 minutes at 94 C, and 45 cycles for 30 seconds at 94 C, 30 seconds at 57 C, and 30 seconds at 72 C. SYBR Green I fluorescence was monitored after each cycle. The amplification of specific transcripts and the absence of primer-dimer formation were confirmed by melting curve profiles at the end of each PCR. All products obtained yielded correct melting temperatures. The mean threshold cycle values were normalized to b-actin, and the relative mRNA levels of KLF8 were analyzed using the 2 ÀDDCt method. The experiments were performed in triplicate for each data point.
Western Blot Analysis
Placental tissues from patients and HTR-8/SVneo cells were homogenized in lysis buffer (Beyotime Institute of Biotechnology, HaiMen, JiangSu, China). After placing on ice for 30 minutes, the samples were centrifuged to remove debris (12 000g for 15 minutes at 4 C). Protein quantification was performed with the enhanced bicinchoninic acid protein assay (Pierce, Rockford, Illinois). An equal amount of protein sample was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and proteins were transferred to polyvinylidene difluoride membranes (Millipore, Billerica, Massachusetts). After blocking in 5% (v/v) nonfat dry milk in Tris-buffered saline with Tween-20 for 90 minutes at 37 C, the membranes were incubated overnight with rabbit anti-KLF8 (1:1000; Sigma, St Louis, MO), goat anti-MMP-9 (1:500; Santa Cruz Biotechnology, Santa Cruz, California), and rabbit monoclonal anti-b-actin (1:1000; Santa Cruz Biotechnology) at 4 C. After 3 washes, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:3000; Santa Cruz Biotechnology) for 1 hour and 30 minutes at 37 C. Chemiluminescence was detected with enhanced chemiluminescence reagents (Santa Cruz Biotechnology). Densitometric analysis was performed using a Chemi-doc image analyzer (Bio-Rad). Immunoblotting with b-actin was performed as a loading control.
Immunohistochemistry
The IHC staining was carried out as described previously. 32 Briefly, 5-mm sections were deparaffinized in xylene and rehydrated in a serial gradient of ethanol. Endogenous peroxidase was quenched with 3% hydrogen peroxide for 15 minutes, and then the slides were incubated in 20% normal goat serum (Sigma) for 20 minutes at 37 C. The slides were then incubated at 4 C overnight with polyclonal rabbit anti-KLF8 (1:200; Sigma). The slides were then washed and incubated with a horseradish peroxidase-conjugated goat anti-rabbit IgG (1:800; Santa Cruz Biotechnology) for 1 hour at 37 C. Nonimmune rabbit IgG was used as a negative control. The immunoreactions were developed using the chromogen 3,3 0 -diaminobenzidine (Dakocytomation, Carpenteria, California). Sections were counterstained with hematoxylin and mounted on glass slides. The stained sections were then observed using a microscope system (Olympus LX70; Olympus, Middlesex, United Kingdom) at Â400 magnification.
Cell Culture and H/R Application
HTR8/SVneo cells, kindly provided by Dr Charles H. Graham (Kingston, Ontario, Canada), were routinely grown in RPMI 1640 (Gibco-BRL) supplemented with 10% fetal bovine serum (FBS). The HTR-8/SVneo cells were preincubated overnight before H/R intervention. The H/R intervention was performed as described previously. 33 After an overnight rest in normoxic conditions for adherence, the cells were rinsed twice with culture medium to remove the nonattached cells, and the medium was changed. Then, the cells were subjected to H/R in a trigas cell culture incubator (Thermo Fisher Scientific, Basingstoke, United Kingdom; 8 hours at 2% oxygen, followed by 16 hours under standard culture conditions for 2 cycles). Alternatively, the cells were kept at standard culture conditions throughout as the normoxic control. After 48 hours of incubation, the cells were harvested for further processing.
Immunofluorescence Staining
HTR8/SVneo cells with and without H/R treatment were processed for indirect immunofluorescence staining as described previously. 17 The primary antibody used was the anti-KLF8 antibody (1:50; Sigma). The secondary antibody used was a fluorescein isothiocyanate-conjugated goat anti-mouse antibody (1:50; Santa Cruz Biotechnology). The nuclei were stained with propidium iodide (3 mg/mL) dye. Images were acquired with an Olympus BMX-60 microscope equipped with a cooled charge-coupled device sensicamera (Cooke, Auburn Hills, Michigan) and Slidebook software (Intelligent Imaging Innovations, Denver, Colorado). At least 50 positive cells from 10 to 15 independent fields were examined for each experiment. The exposure conditions were the same for each of the experiments.
Invasion Assay
An invasion assay was performed to examine the invasive ability of the HTR8/SVneo cells using 24-well plates with membrane inserts. Membrane inserts were coated with 100 mL of 1 mg/mL Matrigel (BD Biosciences, San Jose, California) for 3 hours at 37 C. In this experiment, 1 Â 10 5 cells were plated in the upper chamber of the membrane, and medium with 10% FBS was added to the lower compartment. Assays were performed at 37 C under standard culture conditions or H/R treatment for 48 hours. At the end of the incubation, the cells on the upper filter surface were completely removed by gentle scraping with a cotton swab. Invasive cells were fixed with 3% paraformaldehyde and then stained with crystal violet. Then, the number of migrated cells was counted using a light microscope (IX51; Olympus, Japan), and the experiment was performed in triplicate. The relative migration percentages were calculated by comparing with untreated cells, which were considered to have an average of 100%.
Statistical Analysis
All the values are expressed as the mean + standard error of the mean. The data were analyzed for statistical significance using GraphPad Prism software (GraphPad Software, San Diego, California). P value <.05 was considered statistically significant.
Results
Clinical Characteristics
All the healthy pregnant women used for the early pregnancy study were similar in maternal age, mean artery pressure (MAP), and body mass index (BMI), and all women denied having a history of smoking or irregular menstruation (data not shown). The characteristics of the patients used for the third trimester study were shown in Table 1 . All the pregnant women were similar in maternal age, nulliparity (%), BMI, and gestational age, and all women denied having a history of smoking. Women with preeclampsia had a significantly higher MAP, 24-hour proteinuria, and lower mean birth weight and placental weight compared with normal pregnancies ( Table 1 ).
Localization of KLF8 in Human Villous Tissues During Early Pregnancy
The IHC was conducted to define the immunolocalization of the KLF8 protein in human villous tissues between 6 and 11 weeks. Throughout early pregnancy, the KLF8 protein was primarily located in the trophoblast layer of the chorionic villi, especially in the nuclei of the inner cytotrophoblast layer (Figure 1 ). The KLF8 immunoreactivity was present in the trophoblast villi in 6-week placentas. At advanced gestational ages (7 to 9 weeks), the intensity of KLF8 staining increased gradually and was most apparent at 9 weeks in both the nucleus and the cytoplasm ( Figure 1B) . At 11 weeks, immunoreactivity visibly decreased in the trophoblast layer, and very faint staining in the nuclei of the cytotrophoblast cells was apparent compared with the preceding gestational ages ( Figure 1C ).
Dynamic Expression of KLF8 and MMP-9 in Human Villous Tissues During Early Pregnancy
Using Western blot analysis it was determined that both KLF8 and MMP-9 protein levels shared the same pattern of expression in human villous tissues from early pregnancies; the levels gradually increased from 6 weeks and peaked at 8 to 10 weeks (significantly higher than that at 6 weeks for both KLF8 and MMP-9, and no significant difference between the 3 groups) with the highest expression at 9 weeks. The KLF8 and MMP-9 protein levels were slightly decreased at the end of the first trimester (11 weeks) but were not different between 11 weeks and any preceding gestational ages (Figure 2A) . A correlation analysis was performed between MMP-9 and KLF8 protein levels in human villous tissues from early pregnancies and indicated a significantly positive correlation between the protein levels (r ¼ .66; P < .001).
Similarly, a real-time RT-PCR assay showed that the KLF8 mRNA level peaked at 8 weeks, reaching a level approximately 18-fold higher than that at 6 weeks. The KLF8 mRNA levels decreased gradually with gestational ages. Noticeably, a sharp decrease was observed at 11 weeks, and a significant difference was measured between 8 and 11 weeks ( Figure 2B ).
Localization of KLF8 in the Pregnancies Complicated With PE
The KLF8 immunoreactivity was primarily confined to trophoblasts and vascular endothelial cells in the third trimester placentas. In PE, KLF8 immunostaining was apparently decreased in placentas at nuclear and cytoplasmic levels compared with the normal pregnancies ( Figure 3 ).
Decreased Expression of KLF8 and MMP-9 in the Pregnancies Complicated With PE
Consistent with IHC staining, PE placentas also showed a significant decrease in both KLF8 protein (P < .01) and mRNA (P < .01) expression levels relative to the normal control (Figure 4A) . Similarly, MMP-9 protein expression was also significantly decreased in placentas from PE compared with the normal pregnancies (P < .01; Figure 4A ). Moreover, a significant positive correlation between KLF8 and MMP-9 protein expression was found in the third trimester placentas from pregnancies with preeclampsia and normal pregnancies (r ¼ .64; P < .0001).
Partial Cytoplasmic Accumulation of KLF8 in HTR-8/SVneo Cells Exposed to H/R
After a 48-hour incubation under H/R, HTR-8/SVneo cells had reduced KLF8 protein levels in the nucleus and increased levels in the cytoplasm compared with untreated control cells by immunofluorescence staining. Approximately 25% of the cells treated with H/R had failed to exclusively localize in the nuclei ( Figure 5 ).
Suppression of the KLF8 Protein Level and Invasion in HTR-8/SVneo Cells Exposed to H/R
A Western blotting assay was performed to show that KLF8 is significantly downregulated by approximately 45% in the HTR-8/SVneo cells treated with H/R compared with the untreated control (P < .01; Figure 6A and B) . Consistent with the positive correlation between KLF8 and MMP-9 found in human placental tissues, the invasion-related MMP-9 level was also downregulated in cells exposed to H/R ( Figure 6A and B) . To assess the effects of H/R on the invasion of HTR-8/SVneo cells more directly, an in vitro Matrigel invasion assay was used, and the percentage of invading cells treated with H/R was significantly inhibited by approximately 50% compared with the untreated cells (P < .0001; Figure 6C and D).
Discussion
In the present study, we demonstrated the following: (1) placental KLF8 mRNA and protein are expressed in a specific pattern during early pregnancy; (2) expression of KLF8 was significantly decreased in patients with preeclampsia compared to the control pregnancies; (3) MMP-9 protein had a similar expression pattern and a significant positive correlation with KLF8 protein in placentas from both the first and the third trimester; (4) the KLF8 protein level was downregulated, and localization represented partial cytoplasmic accumulation in HTR8/SVneo cells treated with H/R; and (5) the invasionrelated gelatinase protein MMP-9 level was downregulated, and in vitro invasion was significantly inhibited in HTR8/ SVneo cells exposed to H/R. The results from the immunolocalization experiments showed that KLF8 is primarily present in the trophoblast layer, particularly cytotrophoblasts in villous tissues from early pregnancies. As cytotrophoblasts fuse and differentiate into syncytiotrophoblasts, KLF8 was found primarily in syncytiotrophoblasts and vascular endothelial cells in placentas from the third trimester. The interesting patterns of distribution suggest that this factor is synthesized by this invasion-related component of the placenta and most likely is associated with the degree of trophoblast invasion. Given the assumed importance of KLF8 in human trophoblast invasion and established stimulatory effect on the MMP-9 gene promoter in human breast cancer cells, 25 we examined the association between KLF8 and MMP-9 protein levels both in human placentas and in HTR8/SVneo cells. A significant positive correlation between KLF8 and MMP-9 protein levels was found. Based on its localization and positive association with MMP-9 protein levels and trophoblast invasion, KLF8 appears to be a novel factor that is likely to play an important biological role in trophoblast invasion by modulating the expression of MMP-9. Somewhat paradoxical to our results, Xu et al have shown that the expression of MMP-9 increases gradually from weeks 7 to 11 34 but does not decrease with sharply Figure 1 . KLF8 immunolocalization in human placental villous tissues during early pregnancy. A total of 18 placentas, from 6 to 11 weeks, were used (3 different samples for each gestational age). A-C, Villous tissues at 6, 9, and 11 weeks immunostained (brown staining) with anti-KLF8 antibody as described in Materials and Methods. D-F, Negative control for each week treated with nonimmune rabbit Immunoglobulin G. Note that immunoreactive KLF8 was more intense at 9 weeks, compared with 6 and 11 weeks. All sections were counterstained with hematoxylin. Scale bar, 100 mm. Ct, cytotrophoblast; KLF8, Krüppel-like factor 8; St, syncytiotrophoblast. For reference to color, please see online version. Figure 2 . KLF8 and MMP-9 expression during early pregnancy. A, Representative Western blot for KLF8 and MMP-9 protein expression in homogenates of placental villous tissues from 6 to 11 weeks. b-Actin was used as an internal control for protein loading. B, The expression level of KLF8 mRNA was quantified by real-time RT-PCR and normalized to b-actin levels. The relative expression levels of KLF8 were plotted as function of gestational age. The data are expressed as the mean + standard error of the mean. *, P < .05; **, P < .01 (compared with 6 weeks, except for the special flag between groups). Each bar is the mean of 3 measurements from at least 3 independent placentas of the same gestational age. KLF8, Krüppel-like factor 8; mRNA, messenger RNA; MMP-9, metalloproteinase 9; RT-PCR, reverse-transcriptase polymerase chain reaction. Figure 3 . KLF8 immunolocalization in human third trimester placentas from pregnancies with and without PE. A total of 12 placentas from the PE and control groups were used (6 different samples for each group). A, B D, and E, Placentas from normal women and women with preeclampsia were immunostained (brown staining) with an anti-KLF8 antibody as described in Materials and Methods. C and F, Negative control for each group treated with nonimmune rabbit Immunoglobulin G. Note that immunoreactive KLF8 was weaker in the PE group than in the normal control group. All sections were counterstained with hematoxylin. Scale bar, 100 mm. KLF8, Krüppel-like factor 8; PE, preeclampsia; St, syncytiotrophoblast; Vc, vascular endothelial cells. For reference to color, please see online version. increased oxygen tension. The different experimental results found in these 2 studies may result from small sample numbers and differences in the types of specimen.
A reduction in KLF8 levels was found in the reoxygenation of hypoxic tissues in both placentas from normal early pregnancies and late pregnancies complicated by PE. The hypothesis that the placental H/R environment downregulates KLF8 expression was supported by the current cell culture experiments. Based on the positive association of KLF8 with MMP-9 and concomitant trophoblast invasion, KLF8 is speculated to play a role as a novel oxygen tension sensor in mediating H/R-controlled suppression of trophoblast invasion.
The mechanism by which H/R downregulates KLF8 levels and in turn inhibits trophoblast invasion in human placentas remains unknown, especially in women with preeclampsia. Previous studies have confirmed that H/R within the placenta leads to ROS production. 8, 11 ROS in the placenta mainly includes the initial short-lived superoxide (O 2 À ) and the hydrogen peroxide that is subsequently formed enzymatically. 8, 35 In ROS-mediated cell migration and invasion, activation of the FAK signaling pathway has been shown to be an important intermediate link for the regulation of MMPs in human fibrosarcoma cells. 36 Similarly, (auto)phosphorylation of Y397FAK is a critical component in the events that mediate cytotrophoblast migration/invasion. 37 As a factor upstream of KLF8, FAK has an expression pattern that is strikingly similar to that of KLF8 in human placentas both from early pregnancies 38 and pregnancies with PE. 37 This pattern suggests that the FAK-KLF8 signaling pathway may exist in the trophoblast and play an important role in human placentation. Both the Src-ERK and the PI3K-Akt pathways represent 2 primary signaling cascades downstream of FAK activation in many types of cells. Which pathway occupies the dominant position in FAK-regulated KLF8 events seems to Figure 6 . KLF8 and MMP-9 protein levels and trophoblast invasion in H/R-exposed HTR-8/SVneo cells. A, Representative Western blot for KLF8 and MMP-9 protein expression in HTR-8/SVneo cells exposed to H/R. b-Actin was used as an internal control for protein loading. B, The relative amounts of KLF8 and MMP-9 proteins were standardized by b-actin levels. The data are expressed as the mean + standard error of the mean from 3 separate experiments. **P < .01 (compared with control). C, Representative image shows HTR-8/SVneo cells passing through the membrane. Control, nontreated cells were maintained under normal conditions for 48 hours. B, H/R cells were cultured under hypoxic conditions (2% oxygen) for 8 hours, followed by reoxygenation for 16 hours, and the H/R intervention described above was repeated twice. D, The histogram represents the relative numbers of migrating cells (%). **P < .01 (compared with the control group). H/R, hypoxia-reoxygenation; KLF8, Krüppel-like factor 8; MMP-9, metalloproteinase 9.
depend on the cell type or cellular context. 14, 16 Therefore, the major mechanisms that occur in FAK-regulated KLF8 events in human placentation require further research. However, we cannot exclude that other signaling pathways, presenting similar dynamic alterations during normal early pregnancy and/or in PE, may also participate in the regulation of KLF8 expression. For example, the Stat3 signaling pathway is 1 candidate, because this pathway has been recently shown not only to be negatively altered in trophoblasts from PE placentas 39 but also to regulate KLF8 expression 40 and trophoblast migration. 41 Moreover, the current study also showed a visible reduction in KLF8 immunoreactivity in the nuclei of cytotrophoblast cells in human villous tissues with increased oxygen tension during early pregnancy and partial cytoplasmic accumulation of KLF8 in HTR8/SVneo cells treated with H/R. Like many transcription factors, KLF8 must first enter the nucleus to exert its function. Directing subcellular trafficking of KLF8 may be vital in events in which KLF8 participates. Deletion of either or both ZF1 and ZF2 in the full-length protein and/or blocking the interaction of ZF domains with b-importin could increase cytoplasmic localization. In addition, deletion of the NLS located within the N-terminal activation domain between aas 151 and 200 also results in cytoplasmic mislocalization. 26 As we observed, cytoplasmic localization of KLF8 increased under H/R conditions. The mechanism governing H/R's effect on the cytoplasmic mislocalization of KLF8 in trophoblasts remains unclear. Based on the evidence that H/R-induced ROS can modulate PKC 42 and the suspected PKC modification domain at S165 in the functional KLF8 NLS, 26 we speculate that the cytoplasmic mislocalization of KLF8 may be associated with ROS-regulated PKC activity. Consistent with our hypothesis, matrix degradation by MMP-9 depends on PKC, 43 and a PKC inhibitor can reduce the matrix-degrading activity of trophoblasts. 44 Our novel findings showed alterations in the level and subcellular localization of KLF8 in the villous tissues during early pregnancy and third trimester placentas in PE; these changes in KLF8 were accompanied by alterations in trophoblast invasion. These results lead us to propose that H/R regulates the expression and localization of KLF8, inhibiting trophoblast invasion, and this process may be mediated by ROS generation. However, whether and how ROS mediates H/R-regulated alterations in KLF8 levels and subcellular localization need further research.
In conclusion, KLF8 expression in human placental tissues and the human first trimester EVT cells in vitro seems to be sensitive to the placental H/R environment. In addition, the significant correlation of KLF8 protein levels with MMP-9 and the concomitant trophoblast invasion allows us to speculate that KLF8 might act as a novel oxygen tension sensor linking the H/R environment and trophoblast invasion. This study has helped us elucidate the major pathogenesis in PE.
